Pervious concretes, such as sustainable pavement materials, have great advantages in solving urban flooding, promoting urban ecological balance, and alleviating urban heat island effect, due to its special porous structure. However, pervious concrete typically has high porosity and low strength. The insufficient strength and poor freeze-thaw durability are important factors that restrict its wide application, especially in seasonal frozen areas. Improving the strength and freeze-thaw resistance of pervious concrete will expand its application. Silica fumes, as an industrial by-product waste and supplementary cementitious material, play an important role in improving concrete performance. The objective of this paper was to study the effects of silica fumes on properties of sustainable pervious concrete. Silica fumes were used to replace cement with the equivalent volume method at different levels (3%, 6%, 9%, and 12%). The control pervious concrete and silica fume-modified pervious concrete mixtures were prepared in the lab. The porosity, permeability, compressive strength, flexural strength, and freeze-thaw resistance properties of all mixtures were tested. The results indicated that the addition of silica fumes significantly improved the strength and freeze-thaw resistance of pervious concrete. The porosity and permeability of all pervious concrete mixtures changed little with the content of silica fumes due to the adoption of the equal volume replacement method.
Introduction
In recent years, urban floods have occurred frequently and caused huge casualties and property loss, due to the imperfect urban stormwater management system and large-area impervious pavement [1] [2] [3] [4] [5] [6] [7] . In order to solve this problem, sustainable pavement material-pervious concrete-has been developed. Pervious concrete was first used in the 1970s in the United States [8] . However, it has not been widely used in the world. At the beginning of the 21st century, pervious concrete regained the attention of researchers and engineers due to the emergence of various urban problems, such as urban floods, urban heat island effects, groundwater decline, etc. [4, [9] [10] [11] [12] . Compared with traditional concrete, pervious concrete, as a porous material with high porosity, has great advantages [13] [14] [15] [16] . First, it is an excellent and effective material in solving urban stormwater. It can allow stormwater permeating into underground, reduce surface water runoff, and improve the slip resistance of roads [13] . On the other hand, water infiltrated from pervious concrete can quickly recharge groundwater and improve urban ecological environments [14] . In addition, its high porosity is able to accumulate more heat, regulate city temperature and humidity, and alleviate heat island silica fume-modified pervious concrete with three mix ratios. The test results indicated the compressive strength of the three mixtures increased by 86%, 52%, and 48%, respectively when 10% silica fumes were incorporated. Such a high improvement on compressive strength deserved further research to confirm.
There are few studies concentrating on silica fume-modified pervious concrete. Existing research mainly focuses on the strength properties of silica fume-modified pervious concrete, and the conclusions obtained are quite different. Moreover, there is almost no research concentrating on its durability. Therefore, it is necessary to carry out research to investigate the mechanical properties and durability of silica fume-modified pervious concrete. Based on previous research conducted by our group [32, 33] , in order to evaluate the improvement of silica fumes on pervious concrete, silica fume-modified pervious concrete was prepared with equivalent volume method, the porosity, permeability, strength, and freeze-thaw durability of silica fume-modified pervious concrete with different silica fume incorporation levels were studied. Due to the porous structure of pervious concrete, strength loss was adopted to assess the freeze-thaw resistance for pervious concrete. The findings of this study will aid in understanding the positive effect of silica fumes on the strength and freeze-thaw durability of pervious concrete, and would certainly help in the futuristic development of rational design and application pertaining to silica fume-modified pervious concrete pavements.
Materials and Methods

Materials
The main materials used in the study were coarse aggregate, cement, silica fume, water, and superplasticizer. The physical properties of coarse aggregate are shown in Table 1 . Portland cement (P.O 42.5) was obtained from Jilin Yatai Cement Co., Ltd. (Jilin, China), and its physical properties and chemical composition are shown in Tables 2 and 3 , respectively. Silica fume was provided by Changchun Siao Technology Co., Ltd. (Jilin, China), and its chemical composition is shown in Table 3 . The density of silica fumes is 2178 kg/m 3 , and its average particle size is 0.1-0.3 µm. The polycarboxylic acid superplasticizer produced by Shanxi Qinfen Building Material Co., Ltd. (Shanxi, China), was used to improve the workability of pervious concrete. 
Mix Design
The mix of pervious concrete was designed with the volume method, in accordance with the Chinese standard CJJ/T 135-2009 [34] . Silica fume-modified pervious concrete was prepared in the experiment. In addition, pervious concrete without silica fume was prepared as the control group. Silica fumes were incorporated at different levels to partially replace the cement using the equivalent volume method. The replacement levels were 3%, 6%, 9%, and 12%, respectively. Based on previous research conducted by our group [32] , the aggregate size, designed porosity, and water to binder ratios were chosen as 4.75-9.5 mm, 15%, and 0.30, respectively. In order to improve workability of pervious concrete, superplasticizer was used and the dosage was 0.8% of the cementitious material mass. The mix ratio is shown in Table 4 , and the gradation curve of coarse aggregate is shown in Figure 1 . 
Specimen Preparation
According to the tests, there were three 100 × 100 × 400 mm prismatic specimens, and fifteen 100 × 100 × 100 mm cubic specimens that required preparation in each group. The prismatic specimens were used to determine the flexural strength. The cubic specimens were used for porosity, permeability, compressive strength, and freeze-thaw cycle tests. A total of 75 cubic specimens and 15 prismatic specimens were prepared in the lab for the experiments. The experimental programme is shown in Table 5 , and the specimen preparation procedure is shown in Figure 2 . All specimens were demoulded after 24 h. Then, all specimens were standard-cured with a relative humidity of 95%, and a temperature of 20 ± 2 °C. The specimens for porosity, permeability, compressive strength, and flexural strength were standard-cured for 28 days. Specimens for the 
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Testing Methods
Porosity is a characteristic of pervious concrete, and it is directly related to permeability. The effective porosities (proportion of open pore and semi-open pore) of all mixtures were tested. The effective porosity was characterized by the average of three specimens and determined using the equation,
where m0 is the mass of the specimen submerged in water (g); m1 is the saturated surface-dry mass of the specimen (g); ρ is the water density (g/cm 3 ), and V is the volume of the specimen (cm 3 ). Permeability is the most important property of pervious concrete. According to the Chinese national standard CJJ/T 135-2009 [34] , the constant head permeability test was adopted and the homemade instrument was used to measure the permeability coefficient. Detailed description of the permeability instrument is shown in Figure 3 . A detailed description of the test procedure could be found elsewhere [33] . In every group, the permeability was characterized by the average permeability coefficients of three specimens. The permeability coefficient can be calculated by the following equation according to the Chinese national standard [34] :
where k is the permeability coefficient of the specimen at 20 °C (mm/s); Q is the discharged amount of water in t time (mm 3 ); L is the height of the specimen (mm); A is the upper surface area of the specimen (mm 2 ); H is the height of water head (mm), and H = 150 mm; and t is the time (s), with t = 300 s. 
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The summary of the compressive strength, flexural strength, porosity, and permeability results with the standard deviations are tabulated in Table 6 , the freeze-thaw cycles result is shown in Table 7 . Figure 6 . Specimens after 100 freeze-thaw cycles: (a) 12% silica fume-modified specimen; (b) 9% silica fume-modified specimen; (c) 6% silica fume-modified specimen; (d) 3% silica fume-modified specimen; and (e) 0% silica fume-modified specimen.
The summary of the compressive strength, flexural strength, porosity, and permeability results with the standard deviations are tabulated in Table 6 , the freeze-thaw cycles result is shown in Table 7 . 
Porosity
The effective porosity of silica fume-modified pervious concrete is shown in Figure 7 . As we can see, the incorporation level of silica fumes had little effect on the effective porosity of silica fume-modified pervious concrete. This is because the cement was partially replaced by silica fume with the equivalent volume method, thus the addition of silica fumes did not cause the change in the volume of the specimen. In addition, the effective porosities measured for all mixtures were less than the designed porosity of 15% (13.4-14.5%). As we all know, the pore in previous concrete is composed of open, semi-open, and closed pores, the effective porosity only includes open and semi-open pores, so the effective porosity is generally lower than the total porosity. This also indicates that the preparation of the specimen was successful and reached the design requirement.
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Permeability
The permeability coefficient of silica fume-modified pervious concrete is shown in Figure 8 . Figure 8 concludes that the permeability coefficient was not affected by the dosage of silica fumes. The permeability coefficients of all groups were about 3.8 mm/s when the porosities of all mixtures were about 15%, which meets the standard requirement of 0.5 mm/s for pervious concrete in the Chinese national standard [34] . Just as the report in the literature [32] , the porosity is the most important and direct factor that determines the permeability coefficient of pervious concrete. In terms of mono-sized pervious concrete, when the porosity does not change, the permeability will not change. Silica fumes were added with equivalent volume replacement of cement in the experiment, and the porosity volume did not change with the silica fume incorporation levels, so the permeability coefficients of silica fume-modified concrete remained constant.
Meanwhile, the permeability coefficients of all mixtures were predicted with the equation between effective porosity and permeability given by Reference [32] , and the predicted permeability coefficients are also shown in Figure 8 . The data shows that the measured and 
Meanwhile, the permeability coefficients of all mixtures were predicted with the equation between effective porosity and permeability given by Reference [32] , and the predicted permeability coefficients Appl. Sci. 2019, 9, 73 9 of 14 are also shown in Figure 8 . The data shows that the measured and predicted permeability coefficients were basically consistent and the maximum error between them was 6.5%.
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Compressive Strength
Insufficient strength of pervious concrete has always been the main factor restricting its wide application. Due to its low strength, pervious concrete is generally applied to non-loaded pavements. Improving the strength of pervious concrete has always been the focus and hotspot of research. The compressive strength of the silica fume-modified pervious concrete of this experiment is shown in Figure 9 . It can be seen that the addition of silica fumes improved the compressive strength of the pervious concrete. The compressive strengths of all groups met the standard requirement of 20 MPa for pervious concrete in the Chinese national standard [34] . With the increasing amount of silica fumes, the compressive strength gradually increased, and the compressive strength reached maximum when the addition of silica fumes was 9% and 12%. Compared to the control group (0% silica fume addition), the maximum improvement of the compressive strength of silica fume-modified pervious concrete was 14%. This was because the aggregate of pervious concrete mainly bonded together by the cement paste layer, and the interface characteristics between the bonding layer and aggregate have an important influence on the strength of the pervious concrete. Silica fume is a pozzolanic material that can cause secondary reaction (pozzolanic reaction) with Ca(OH)2 produced by cement hydration to form a volcanic ash C-S-H gel, which improves the property of the traditional cement C-S-H gel and interface characteristics between the hardened cement paste and aggregate. In addition, silica fume has smaller particle size and larger specific surface area than the cement, and the micro-aggregate effect is remarkable. It can fill the harmful pores of the cement paste, make the pore distribution more uniform, and improve the pore structure of the hardened cement paste. Thus the strength of pervious concrete was improved. 
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Flexural Strength
The variation of flexural strength versus silica fume dosage of silica fume-modified pervious concrete is shown in Figure 10 . From the data, it can be concluded that silica fumes also have a positive effect on the flexural strength of pervious concrete. The improvement of silica fumes on flexural strength was the same as its effect on compressive strength. The flexural strengths of all groups were much larger than the requirement of 2.5 MPa in the Chinese national standard [34] . The flexural strength increased with the increasing silica fume content. The control group had a flexural strength of 4.84 MPa, while the silica fume-modified groups had the maximum flexural strength of 5.2 MPa with 7.4% improvement. When the silica fume content was 9% and 12%, the flexural strengths of the two groups were almost the same. The improvement mechanism of silica fumes on the flexural strength of pervious concrete was the same as it on the compressive strength. The addition of silica fumes improved the interface characteristics between the bonding layer and aggregate, increased the interface adhesion, and thereby improved the flexural resistance of the pervious concrete. 
Freeze-Thaw Cycles
The relationship between compressive strength and freeze-thaw cycles of pervious concrete is shown in Figure 11 . As can be seen in Figure 11 , for the control group and silica fume-modified groups, the compressive strengths decreased with the increasing freeze-thaw cycles, which indicated that the freeze-thaw resistance of pervious concrete gradually degenerates. When the 
Flexural Strength
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The relationship between compressive strength and freeze-thaw cycles of pervious concrete is shown in Figure 11 . As can be seen in Figure 11 , for the control group and silica fume-modified groups, the compressive strengths decreased with the increasing freeze-thaw cycles, which indicated that the freeze-thaw resistance of pervious concrete gradually degenerates. When the freeze-thaw cycle was the same, the compressive strengths of silica fume-modified pervious concrete were higher than the control group, and the higher the silica fume content, the higher the 
The relationship between compressive strength and freeze-thaw cycles of pervious concrete is shown in Figure 11 . As can be seen in Figure 11 , for the control group and silica fume-modified groups, the compressive strengths decreased with the increasing freeze-thaw cycles, which indicated that the freeze-thaw resistance of pervious concrete gradually degenerates. When the freeze-thaw cycle was the same, the compressive strengths of silica fume-modified pervious concrete were higher than the control group, and the higher the silica fume content, the higher the compressive strength. The compressive strength of control group was reduced to 14.2 MPa after 100 freeze-thaw cycles, while the compressive strength of 9% and 12% silica fume-modified groups were still more than 20 MPa.
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Conclusions
Sustainable pavement materials-silica fume-modified pervious concrete and control pervious concrete-were prepared and investigated in the lab. Porosity, permeability, mechanical properties, and freeze-thaw resistance of pervious concrete were tested. The effects of silica fumes on pervious concrete properties were analyzed. Based on the test results, following conclusions can be drawn.
•
The silica fume-modified pervious concrete designed with equivalent volume replacement of cement will not affect the effective porosity, thus the permeability of silica fume-modified pervious concrete hardly changed with the amount of silica fumes compared to the unmodified control pervious concrete.
•
The compressive and flexural strengths of pervious concrete can be improved by the addition of silica fumes. The higher the content of silica fumes, the higher the compressive and flexural strengths.
The addition of silica fumes significantly improves the freeze-thaw resistance of pervious concrete. The compressive strength losses of silica fume-modified pervious concrete under freeze-thaw cycles are obviously lower than the unmodified control pervious concrete. The freeze-thaw resistance of silica fume-modified pervious concrete increases with the increasing silica fume content, and the 12% silica fume is recommended for freeze-thaw durability of pervious concrete. 
